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Abstract 
!e ingredients for an e"ective automated audit of a building design include a BIM model containing 
the design information, an electronic regulatory knowledge model, and a practical method of 
processing these computerised representations. !ere have been numerous approaches to computer-
aided compliance audit in the AEC/FM domain over the last four decades, but none has yet evolved 
into a practical solution. One reason is that they have all been isolated a#empts that lack any form of 
standardisation. !e current research project therefore focuses on using an open standard regulatory 
knowledge and BIM representations in conjunction with open standard executable compliant design 
work$ows to automate the compliance audit process.  
 !is paper provides an overview of di"erent approaches to access information from a regulatory 
model representation. !e paper then describes the use of a purpose-built high-level domain speci%c 
query language to extract regulatory information as part of the e"ort to automate manual design 
procedures for compliance audit. 
Keywords: Knowledge management, regulatory compliance audit, compliant design workflows, 
regulatory knowledge, domain specific language 
1 Introduction 
Research in the area of computer-aided compliant design audit in the Architecture, Engineering, 
Construction and Facility Management (AEC/FM) domain dates as far back as four decades, when 
decision tables were used to aid engineering design for conformance with the AISC (American 
Institute of Steel Construction) speci%cations (Fenves et al., 1969). !is led to a few expert system 
implementations such as SASE, SICAD, SPEX (Fenves and Garre#, 1986), but none of them survived 
due to the high costs of keeping up with frequent changes in the expert knowledge. Since then, there 
has been a new stream of projects and prototype systems in Australia, New Zealand, Singapore, 
Finland, Sweden, Norway, Germany, France and the USA, suggesting di"erent rule-based compliance 
audit approaches.  
Apart from rule-based systems, other suggested approaches to computable representation of 
regulatory knowledge in the AEC domain include the use of hypertext and hypermedia to aid 
navigating in regulatory texts, automated and semi-automated knowledge acquisition from 
regulatory texts by means of deontic modelling, natural language processing (NLP), document mark-
up techniques, and the use of a domain ontology and semantic technologies with reasoning 
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capabilities (Evt et al., 1992; Pauwels et al., 2011; Salama and El-Gohary, 2013; Zhang and El-Gohary, 
2013; Zhong et al., 2012). 
An e"ective regulatory knowledge representation must allow correct and e&cient on-demand 
access to information. !is paper reviews commonly used methods of regulatory information retrieval 
and highlights the practicality of using a domain speci%c query language in conjunction with the 
approach developed in this research for performance-based compliance audit. 
2 Representing and Accessing Regulatory Knowledge for Compliance Audits 
2.1 Explicit and Implicit Regulatory Knowledge 
Regulatory knowledge in the context of the AEC/FM domain includes a lot of explicit forms of 
knowledge, such as: prescribed design parameters, mathematical equations, rules, constraints and 
other normative data. !is knowledge is conventionally wri#en in natural language texts for human 
interpretation yet there are many ways in which a design can be made compliant with these explicit 
regulations. A designer may choose certain parameters and scenarios to achieve a particular 
compliant design. We refer to this sequence of choices as a ‘path to compliance’. !ere are a 
considerable number of such paths in each regulation. If another set of parameters or scenarios were 
chosen, then another path may have been found and achieved. Ultimately, it is up to the designer to 
evaluate and decide which path to follow. Making the decision on which path to take to achieve 
compliance typically depends on implicit knowledge that takes into account selected design scenarios, 
acceptable levels of risk, and safety margins. 
!e implicit regulatory knowledge also considers selected building performance criteria, which 
are usually descriptive and not prescriptive in nature. Contemporary building design solutions are 
driven by high performance objectives and innovation, which o*en fall outside the scope of 
prescriptive regulatory requirements. Performance criteria usually require evaluations by means of 
engineering analysis or simulations, which are not easily represented in a rule-based system. 
Performance-based regulations allow designers to explore engineering solutions from a broad range 
of compliant design options, which means that the number of compliance paths is o*en indeterminate 
at the outset.  
While the more explicit regulatory knowledge can generally be formalised into rules relatively 
easily, implicit knowledge is much more di&cult to represent. !ere needs to be a more practical 
method of representing and accessing such regulatory knowledge, so that it support human input and 
allows interactions with engineering analysis or simulation tools commonly used by designers. In this 
research we argue that designers should accept the responsibility of specifying exactly which objects 
or a#ributes in a regulatory model or building model are to be checked for compliance. To automate 
this design compliance audit process the required mapping of objects can be speci%ed and recorded 
in a compliance audit work$ow for subsequent executions. Similarly, to interface with engineering 
analysis or simulation tools, designers would need to specify the input and output schemas of those 
tools as the mapping mechanism for the work$ow to use and gather the required information and 
generate, or parse, the associated input and output data %les. 
2.2 Conventional Rule-based Approach 
A rule-based system is the most obvious implementation approach to follow when aiming at 
compliance audits. !is is also the basis of many computable representations of regulatory 
knowledge. A common method of developing a rule-based system is to manually extract and translate 
wri#en rules directly into computer code, optionally using parameterisation and branching. In this 
approach, formalised regulatory information in the form of codi%ed rules is then accessed internally 
by the programming code of the compliance audit application. A comprehensive survey of 
conventional rule-based compliance audit tools and prototype systems has been given in the literature 
(Eastman et al., 2009). Hard-coded rules are indicated to be central in these conventional systems, 
resulting in rules that are tightly integrated into the compliance audit system, e.g. DesignCheck, 
SMARTCodes, ePlanCheck, Solibri Model Checker (Eastman et al., 2009). One challenge associated 
with hard-coded rules as part of the compliance audit system is the in$exibility and cost to update, as 
it requires a system programmer to recode the system to accommodate even a minor rule change. 
Furthermore, a proprietary or closed rule-based system lacks the transparency that makes it possible 
for end users or domain experts to verify the correctness of the representation. Moreover, the 
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approach in which rules are hard-coded in the so*ware may be acceptable for representing 
prescriptive regulatory requirements, but it is far from adequate in representing performance-based 
requirements due to their dynamics and qualitative, or descriptive, nature. 
2.2.1 Object mapping 
Systems that are designed to automatically compare objects in separate data representations typically 
need to rely on some object mapping schemas. As a simple example, in order to check if a doorway 
in a building model has an adequate width for compliance with certain regulations, the equivalent 
doorway object in the relevant regulatory model needs to be %rst identi%ed and the required width 
a#ribute in a given condition noted. An automated compliance audit system has a challenging task 
to check every object and its a#ributes in the building model independently against the equivalent 
objects and a#ributes in the regulatory model, taking into account any condition or scenario a#ached 
to the use of those objects. 
2.2.2 Rule engine based systems 
Separating rules from the compliance audit core functionality improves maintainability, enables 
extensibility, and allows portability. In a rule engine based system, regulatory requirements are 
formalised into a set of IF-THEN statements and stored in a centralised database that is accessible by 
the rule engine. Rule engine implementations usually have reasoning capabilities that can execute 
one or more rules as required in a runtime production environment. !ere are many open standard 
rule engines that may be suitable to represent regulatory knowledge for compliance audit purposes, 
for example DROOLS, OpenRules and OpenRuleEngine, SRE (Simple Rule Engine), JESS (Java Expert 
System Shell), and others. In particular, DROOLS and its DROOLS Rule Language (DRL) has been 
suggested as the method of representing regulatory knowledge in a number of research projects on 
computer-aided compliance audit (Beach et al., 2013; Solihin and Eastman, 2015). 
2.3 Language-based Compliance Audit Approach 
An alternative to the conventional rule-based approach is to formally interpret natural language 
statements into computable rules in either a domain speci%c language or in a language that is based 
on %rst order predicate logic (Eastman et al., 2009; Pauwels et al., 2011; Rosenman and Gero, 1985). 
Such an approach would precisely overcome the disadvantages outlined for hard-coded rules and 
make regulatory knowledge and compliance audits $exible, transparent, and portable. 
In the remainder of this paper, we will look into this alternative language-based approach and 
investigate to what extent it is possible to use either a domain speci%c language or a language based 
on %rst order predicate logic. As semantic web technologies (Berners-Lee et al., 2001) have a basis in 
Description Logics (DL) and they are used to represent building data, they can be used to test the 
la#er approach. 
3 The Logic-based Language Approach: Semantic Web Technologies 
3.1 Methodology 
Semantic web technologies have their appeal in allowing the structured representation of information 
with ontologies and in enabling the combination or linking of disparate information sources 
accessible on the world wide web (Berners-Lee et al., 2001). !e de facto open standard knowledge 
representation language for authoring ontologies is the Web Ontology Language (OWL) (Horrocks, 
2008), which is integrated with RDF (Resource Description Framework), a simple language originally 
developed to describe data or resources as targeted labelled graphs. Information in the semantic web 
consists of triples, which are RDF expressions constructed of subjects, predicates, and objects (Figure 
1). By semantically linking all kinds of objects and subjects (resources) using predicates, large clouds 
of Linked Data can emerge. !is information is stored in RDF triple stores, which are a speci%c kind 
of graph database. !ere are a number of open standard computing environments for managing RDF 
graphs. A commonly used open source Java framework is the Apache Jena, which has an API 
(Application Programming Interface) for reading RDF graphs and supports serialising triples in a 
number of syntaxes, including RDF/XML and Turtle. !e primary query language for RDF graphs is 
SPARQL (SPARQL Protocol and RDF +ery Language), which is a declarative language for subgraph 
retrieval. Like its SQL counterpart, SPARQL includes a number of reserved keywords, such as SELECT 
and WHERE, to build queries (Prud’hommeaux and Seaborne, 2008). 
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As semantic web technologies also allow the representation of rules and the combination of such 
rules with available information sources, they might also be a useful set of technologies that can be 
used for compliance checking of building designs (Pauwels et al., 2011). An essential component of a 
semantic web based compliance audit system in the AEC/FM domain is the domain ontology, which 
is a structured and formal representation of knowledge in that domain. !e scope of the domain 
knowledge represented in an ontology depends on the intended application and the type of problems 
to be addressed. !e ontology de%nes the object types and relations that are available for the 
representation of objects, which can result both in a building model and a regulation model. To enable 
mapping of objects between building and regulatory knowledge representations, two complementary 
ontologies may be used, one representing the building and another representing the regulatory 
knowledge.  
To represent building models, the ifcOWL ontology is available  (Beetz et al., 2008; 
BuildingSMART, 2015; Pauwels and Terkaj, 2015), which is created from the open standard IFC 
(Industry Foundation Classes) schema in EXPRESS. !ere are a number of ways to represent 
regulation knowledge depending on how the regulation audit is intended to take place. !e 
development of ontology-based regulatory knowledge representation usually involves the following 
procedure (Yurchyshyna and Zarli, 2009): 
1. Conversion of regulatory texts into a formal language such as XML (EXtensible Mark-up 
Language) and RDF. 
2. Formalisation of regulatory requirements by capitalising on the domain knowledge 
3. Semantic mapping of regulatory requirements to domain speci%c ontologies 
4. Formalisation of compliance requirements for compliant design audit purposes 
3.2 Application to a Regulatory Knowledge Model Case 
!e above procedure was used to develop a Regulatory Knowledge Model (RKM) for the purposes of 
this research project and further discussions on RKM are given in Section 4.1. !e schema for RKM 
is de%ned using XSD (XML Schema De%nition) representing the regulatory document structure and 
content. By making the knowledge inherent in the RKM available as an OWL ontology that is 
compatible with the ifcOWL and with a set of semantically structured rules, it should in theory be 
possible to only use a reasoning engine to audit a given building model for compliance. 
Building a parallel OWL ontology for RKM is not the hardest part. What is important is how the 
rules that are de%ned in the XSD schema can be represented in a semantic web rule language such as 
N3Logic, which is used in this case. Figure 2 gives an indication of how a rule may be represented as 
an addition to the generated OWL ontology (not as an RDF instance graph). !e Omnicode "13-31 13 
00" shown in the rule is the classroom type space activity and "FLED" is the Fire Load Energy Density 
prescribed by the regulatory document, both are as de%ned in the RKM (Listing 2). 
 
 
!ere are a couple of features to notice that can impact on the way in which a rule-checking 
process or compliance audit process is implemented. Firstly, in order for any N3Logic rule to work, 
the IF-part of that rule (the %rst two lines in the N3Logic rule in Figure 2) needs to be available and 
Figure 1 A triple form of a RDF expression 
Figure 2 Representation of rule-like information from RKM expressed in N3Logic 
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recognisable as a graph. If a graph does not contain the predicates used or the structure represented 
by that IF-part, the IF-part is never valid and the rule never ‘%res’. !e IF-part of the rule in Figure 2 
relies on the predicates occ:spaceActivityCode, and occ:hasSpaceActivity. If the building ontology and 
regulatory ontology are well designed, this should not be an issue. !e N3Logic rule can be used 
entirely apart from the targeted application and can be used, just like the OWL ontology and the RDF 
graphs compliant with that ontology, by any number of other applications. 
A second element to notice here, is that the output of the N3Logic rule, in this case the property 
compl:FLED, is added to the original RDF graph as soon as an inference engine executes the rule. !is 
additional property can in that same inference run also use that rule, for example if it is contained in 
the IF-part of another rule. In other words, when an inference engine is started on a set of such rules, 
it generates all information that can logically be entailed from what is given. In cases where 
requirements and conditions are well established, an implementation using logically structured rules 
is likely to result in logically more sensible conclusions without the need for human intervention. 
4 The Domain Specific Language 
4.1 Regulatory Knowledge Model (RKM) 
!ere has been research in the legal domain over the last two decades resulting in a number of useful 
initiatives for digitally sharing parliamentary, legislative, and judiciary documents. !ese include 
Akoma Ntoso (Architecture for Knowledge-Oriented Management of African Normative Texts using 
Open Standards and Ontologies), which is currently being standardised by the OASIS (Organisation 
for the Advancement of Structured Information Standards) into LegalDocML (Vitali and Zeni, 2007); 
CEN (European Commi#ee for Standardisation) MetaLex; and LKIF (Legal Knowledge Interchange 
Format) and LegalRuleML (Athan et al., 2013), which focus more on the content and legal knowledge 
representations.  
While these universally open legal data models are being standardised, an interim RKM schema 
has been developed in this research (Dimyadi et al., 2014a) to illustrate a practical computer-aided 
approach that focuses primarily on automating compliance audit in design procedures. !e selected 
case study for research is the compliance audit of %re engineering performance of buildings. In 
particular, a performance-based regulatory document, C/VM2, which is a veri%cation framework for 
%re safety design in New Zealand, has been used as the subject for the RKM representation. !e high-
level XSD schema of this RKM is shown in Figure 3. 
 
 
Di"erent regulatory documents may use di"erent terminologies and classi%cations for identical 
objects. For example, space functions or activity types may be described di"erently, while referring 
to the same activity, so these terms would need to be translated into a consistent set of codes using 
the same standard classi%cation. In this case, the open standard Omniclass (CSI, 2012) classi%cation 
Figure 3 High-level schema of RKM for C/VM2 document for Fire Engineering Design in New Zealand 
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of spaces by function may be used. Hence, this classi%cation system forms one of the important 
sources behind the speci%cation of the RKM shown in Figure 3. 
4.2 Compliant Design Procedures (CDP) 
Human input is an important feature in performance-based design where the compliance audit 
procedure or method and the design assumptions need to be formally documented. Building designers 
need to specify exactly how their designs can be veri%ed for compliance by peer reviewers or the 
regulatory authority. A practical approach has been developed in the current research to allow 
designers to describe their own Compliant Design Procedures (CDP) and any tacit knowledge using 
the open standard BPMN (Business Process Model and Notation) executable work$ow model (Object 
Management Group, 2011) (Figure 4), which supports XML data exchange natively (see Listing 1). 
 
 
!is approach gives designers the freedom to explore design options that are compliant with 
selected regulations, while not taking away their responsibility to specify the intended compliance 
paths followed in their design procedures. Each CDP work$ow represents a pre-determined set of 
compliant design procedures that can be executed multiple times for di"erent design options and 
across multiple projects, hence automating the manual compliance audit procedures (Dimyadi et al., 
2014b). !is is considered more appropriate than trying to allow a machine to derive the appropriate 
compliance path out of an inde%nite number of options directly from regulatory texts based on a 
given design model. Furthermore, a CDP work$ow can be used to gather the information required 
and generate the input data for engineering analysis or simulations. Inevitably, information will be 
missing from the building model that needs to be supplemented by human input. A CDP work$ow 
allows additional human input to be speci%ed as necessary. 
Instructions in the form of query scripts can be embedded in the CDP work$ow for retrieving 
information from building and regulatory models. !ese scripts can also assign values to variables, 
and evaluate mathematical expressions or logical statements. As in regular compliance audit 
procedures and design processes, designers certainly need to be familiar with the content of the RKM 
in order to be able to specify correct queries. !is is no di"erent from searching and using regulatory 
documents in the course of a traditional design process or traditional compliance audit. A high-level 
user interface (Figure 5) may be incorporated into a compliance audit system to provide a list of 
objects and a#ributes of the models available for query or allow designers to navigate easily through 
the models to %nd the correct objects to query. Likewise, designers need to be familiar with the 
content of the BIM model view, so that they are able to obtain the correct building information to 
process. 
In practice, one possible scenario would be for a professional body representing the domain 
experts, such as the professional association of engineers, to develop a library of best practice CDP 
work$ows. !is would minimise the e"ort required by individual designers to create their own CDPs 
from scratch, although designers can still modify any o&cially published CDP work$ow to suit their 
own design practice or a particular design option. 
 
 
Figure 4 An exemplar executable CDP workflow described in BPMN 2.0 (Dimyadi et al., 2014b) 
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4.3 Querying Regulatory Knowledge 
To access and manage information stored in a relational database management system (RDBMS), an 
international standard special-purpose programming language SQL (Structured +ery Language) 
(ISO/IEC 9075-1, 2008) is commonly used. !e most common operation in SQL is the query, which is 
performed with the declarative SELECT statement and has the optional FROM and WHERE and other 
keywords. While SQL is the de facto standard for querying data in a relational database, X+ery 
(XML +ery Language) and LINQ (Language Integrated +ery) are two languages commonly used 
to query data in XML documents. X+ery is the W3C (World Wide Web Consortium) standard and 
LINQ is a component of the Microso* .NET framework that extends the .NET languages with query 
expressions. 
As described earlier, one way to query information in the RKM using the CDP approach is to 
embed instructions in the form of scripts in the CDP work$ow. However, it would be unreasonable 
to expect a building designer to be conversant with standard computer scripting or query languages 
such as JavaScript, so a much simpler, more intuitive and easy to learn domain speci%c query 
language, referred to as Regulatory Knowledge +ery Language (RKQL) has been developed as part 
of this research. 
4.3.1 Regulatory Knowledge Query Language (RKQL) 
RKQL has been developed to hide the low-level technical functionality from the end user and provides 
a simple speci%cation to aid building designers to write high-level scripts that can be embedded into 
a task in the CDP work$ow easily. RKQL mainly uses the keyword GET with FROM and WHERE 
clauses to retrieve information from the RKM. A similar syntax can also be used to query information 
from the Fire Compliance Model (FCM), which is a view or subset of a BIM model for compliant %re 
engineering design audit. 
!e Extended BNF (Backus-Naur Form) notation has been used to describe the syntax and 
grammar of RKQL (Figure 7). EBNF is an extension of BNF, which is a meta language commonly used 
to express a context-free grammar of a formal language such as a computer programming language. 
!e grammar of RKQL can also be represented as a set of syntax diagrams as shown in Figure 6. A 
query to get a speci%c value from an object in RKM can simply be wri#en as: GET object FROM RKM 
WHERE condition. By default, the type of object is assumed to be DATA. However, optionally, RKQL 
allows one to specify other types of object to get, e.g. EQUATION or RULE. In a compliance audit 
system, RKM is usually pre-selected so that the path to its physical location is known, otherwise a 
full path of the RKM location may be speci%ed (Figure 6). To evaluate a speci%c rule in RKM, one 
simply writes EVAL RULE ruleId, where ruleId is a unique ID of the rule. 
Figure 5 A user interface to navigate RKM and help identifying objects and attributes to query 
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A systematic process of an automated building compliance audit may be on a $oor level by $oor 
level basis starting at the top level down. Every space object on each level is then processed in turn 
and subject to the calculations speci%ed in the CDP work$ow. For example, given a space activity 
type such as "O&ces" or "13-55 11 00" in Omnicode, the corresponding prescribed FLED value for that 
space is 800 MJ/m2. An exemplar RKQL script to retrieve FLED from RKM given a set of conditions is 
shown in Listing 1. Listing 2 shows part of the RKM where the information to be retrieved by the 
query script in Listing 1 is utilised. 
 
Listing 1 Exemplar RKQL script embedded in a script task of a CDP workflow 
 
Figure 7 Extended Backus-Naur Form (BNF) notation of RKQL domain specific query language 
Figure 6 Some syntax diagrams of RKQL domain specific query language 
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Listing 2 Excerpt from the RKM of C/VM2 compliance document for the New Zealand Building Code (NZBC)
 
5 Discussion and Summary 
In this paper we have presented several methods commonly used to represent and access digital 
regulatory knowledge for compliance audit purposes. !e traditional methods based on proprietary 
or hard-coded rule-based representations were quite successful in their implementations but they 
have the disadvantages of being costly to maintain and in$exible to changes. Many of these systems 
did not survive the test of time although today a few commercial tools are still adopting such 'black-
box' strategies. 
!ere is a need for an open standard regulatory knowledge representation that allows e&cient 
access to regulatory information. Semantic web technology provides a means to represent regulatory 
knowledge with reasoning capabilities that can automatically access relevant information for 
compliance audit based on a set of pre-de%ned rules. While this logic-based approach may provide a 
way to automate some of the more established requirements and conditions, there are aspects of 
regulatory compliant design that still rely on tacit knowledge and intuition, which is best handled by 
a human. Furthermore, qualitative performance-based criteria requires engineering analyses to 
address, which is not yet suitable for automation. !e current research focuses on allowing a human 
designer to specify exactly how compliance can be achieved by recording the procedures in a CDP 
work$ow that can then be executed in a computer system for multiple design options and across 
di"erent projects with consistent results. For usability a domain speci%c language, RKQL, has been 
developed to allow a building designer or engineer to specify queries and other high-level computer 
instructions with ease and intuitively. All low-level technical speci%cations are hidden from the user 
and handled by the compliance audit process engine. 
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